Molecular events in deliquescence and efflorescence phase transitions of sodium nitrate particles studied by Fourier transform infrared attenuated total reflection spectroscopy by Lu, Pei-Dong et al.
Molecular events in deliquescence and efflorescence phase transitions of sodium
nitrate particles studied by Fourier transform infrared attenuated total reflection
spectroscopy
Pei-Dong Lu, Feng Wang, Li-Jun Zhao, Wen-Xue Li, Xiao-Hong Li, Jin-Ling Dong, Yun-Hong Zhang, and Gao-
Qing Lu 
 
Citation: The Journal of Chemical Physics 129, 104509 (2008); doi: 10.1063/1.2973623 
View online: http://dx.doi.org/10.1063/1.2973623 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/129/10?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
High sensitivity attenuated total reflection Fourier transform infrared spectroscopy study of ultrathin Zr O 2 films:
A study of phase change 
J. Vac. Sci. Technol. A 26, 270 (2008); 10.1116/1.2830642 
 
In situ attenuated total reflectance Fourier transform infrared spectroscopy of hafnium (IV) tert butoxide
adsorption onto hydrogen terminated Si (100) and Si (111) 
J. Vac. Sci. Technol. A 25, 1389 (2007); 10.1116/1.2757179 
 
Attenuated total reflection infrared spectroscopy for studying adsorbates on planar model catalysts: CO
adsorption on silica supported Rh nanoparticles 
J. Vac. Sci. Technol. A 24, 296 (2006); 10.1116/1.2171707 
 
T dependence of vibrational dynamics of water in ion-exchanged zeolites A : A detailed Fourier transform
infrared attenuated total reflection study 
J. Chem. Phys. 123, 154702 (2005); 10.1063/1.2060687 
 
Attenuated total reflection Fourier transform infrared spectroscopy study of the adsorption of organic
contaminants on a hydrogen-terminated Si(111) surface in air 
Appl. Phys. Lett. 75, 1562 (1999); 10.1063/1.124755 
 
 
 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  130.102.82.69 On: Fri, 07 Oct 2016
04:47:07
Molecular events in deliquescence and efflorescence phase transitions
of sodium nitrate particles studied by Fourier transform infrared attenuated
total reflection spectroscopy
Pei-Dong Lu,1 Feng Wang,1 Li-Jun Zhao,1 Wen-Xue Li,1 Xiao-Hong Li,1 Jin-Ling Dong,1
Yun-Hong Zhang,1,a and Gao-Qing Lu2
1The Institute for Chemical Physics, Beijing Institute of Technology, 100081 Beijing, China
2ARC Centre for Functional Nanomaterials, School of Engineering and Australian Institute of Bioengineering
and Nanotechnology, The University of Queensland, Brisbane, Queensland 4072, Australia
Received 26 February 2008; accepted 29 July 2008; published online 10 September 2008
The NaNO3 droplets with sizes of 1–5 m generated from a nebulizer were deposited on a ZnSe
substrate in a Fourier transform infrared attenuated total reflection FTIR-ATR chamber. After
solidification of the droplets with dry N2 gas passing through the chamber, the solid NaNO3 particles
were monitored by in situ FTIR-ATR spectra in cycles of deliquescence and efflorescence processes
with varying relative humidities RHs. With an increase in the RH, a dominant peak at
3539 cm−1, together with three relatively weak peaks at 3400, 3272, and 3167 cm−1, in the
O–H stretching band of water was resolved by the high signal-to-noise ratio FTIR-ATR spectra. The
dominant peak and the three relatively weak peaks were contributed by the water monomers and the
aggregated water molecules adsorbed on the surfaces of solid NaNO3 particles, respectively. When
the RH approached 72%, slightly lower than the deliquescence RH 74.5%, the band component
at 3400 cm−1 became the main peak, indicating that the water monomers and the aggregated water
molecules aggregated to form a thin water layer on the surfaces of solid NaNO3 particles. A splitting
of the 3-NO3
− band at 1363 and 1390 cm−1 at the RH of 72%, instead of the single 3-NO3
− band
at 1357 cm−1 for the initial solid NaNO3, was observed. We suggested that this reflected a phase
transition from the initial solid to a metastable solid phase of NaNO3. The metastable solid phase
deliquesced completely in the region from 87% to 96% RH according to the fact that the
3-NO3
− band showed two overlapping peaks at 1348 and 1405 cm−1 similar to those of bulk
NaNO3 solutions. In the efflorescence process of the NaNO3 droplets, the 1-NO3
− band presented
a continuous blueshift from 1049 cm−1 at 77% RH to 1055 cm−1 at 36% RH, indicating the
formation of contact ion pairs between Na+ and NO3
−
. Moreover, in the RH range from 53%
down to 26%, two peaks at 836 and 829 cm−1 were observed in the 2-NO3
− band region,
demonstrating the coexistence of NaNO3 solid particles and droplets. © 2008 American Institute of
Physics. DOI: 10.1063/1.2973623
INTRODUCTION
Atmospheric aerosols, which have much relation to hu-
man environment and biogeochemical cycles,1–5 are mainly
composed of inorganic and organic components. Most of
them are hygroscopic in nature and undergo physical and
chemical processes dependent on environmental humidity.
With an increase in the relative humidity RH, a solid par-
ticle uptakes gas-phase water to produce an aqueous droplet
at a special RH, i.e., deliquescence.4,5 Efflorescence is the
reverse process of deliquescence. As RH decreases over a
solution droplet, water evaporates continuously until the
highly concentrated electrolyte spontaneously crystallizes
with the accompanying release of all remaining water to the
gas phase at a certain RH.5 Aerosol particles can exist in a
supersaturated liquid state between deliquescence and efflo-
rescence points, which are ubiquitous for atmospheric aero-
sols. In fact, both the deliquescence and the efflorescence are
intrinsically related to complex phase transition processes.
According to Ostwald’s law of stages,6 when leaving a given
state and in transforming to another state, the state which is
sought out is not the thermodynamically stable one but the
state nearest in stability to the original state.7 Therefore,
aerosol particles can enter into some metastable states, pro-
ducing metastable solid particles or supersaturated aerosol
droplets, in the humidifying or evaporation process.
NaNO3 is one of the important constituents of atmo-
spheric aerosols. Tang and Munkelwitz8 and Tang and Fung9
observed the deliquescence point of NaNO3 particles at
74.5% RH and the efflorescence RH in the range of 0.05%–
35% at 25 °C using a single-particle levitation technique.
Lee and Hsu observed that the water uptake by NaNO3 par-
ticles was a continuous process between 25% and 89% RH.10
Using a tandem differential mobility analyzer, Gysel et al.
measured the growth factors of NaNO3 particles at 20 and
−10 °C with an increase in the RH from 6% to 95%.11 They
found that NaNO3 particles did not exhibit a deliquescence
phenomenon. Gibson et al. observed that the diameter of
aAuthor to whom correspondence should be addressed. Tel.: 86-10-
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NaNO3 particles increased continuously from 100 nm at
10% RH to 158 nm at 83% RH using a multianalysis aerosol
reactor system.12 Hoffman et al. also did not observe the
deliquescence point of NaNO3 particles by using several
approaches.13 Using microscopic Fourier transform infrared
micro-FTIR spectroscopy, Liu et al.14 observed a very
sharp deliquescence transition at 71%–73% RH for NaNO3
particles. With confocal Raman spectroscopy, the deliques-
cence behaviors for solid NaNO3 particles were observed to
be dependent on morphology.15 Another interesting work
was recently reported by Kiryanova.16 He found that there
was a new kind of solid phase for NaNO3 showing different
saturation points at various temperatures compared with the
typical nitratine, and preliminary investigations by means of
optical techniques and x-ray power diffraction did not help
distinguish it from the typical nitratine. The anomalous be-
haviors mentioned above may be related to the unknown
molecular events in the deliquescence and efflorescence pro-
cesses of NaNO3 particles, which need to be studied further.
FTIR spectroscopy can provide structural information at
the molecular level. The vibration bands of NO3
− are very
sensitive to the phase states of NaNO3 and therefore easily
used to determine the phase transition of NaNO3 particles.
Furthermore, FTIR spectra are expected to provide much in-
formation on water molecules, especially the trace water
molecules adsorbed on the surface of solid NaNO3 particles
in the low RH region, which is very helpful in understanding
the interactions between the trace water molecules and the
surface of solid NaNO3 particles. Even though FTIR com-
bined with aerosol flow tube FTIR-AFT was previously
used for studying NaNO3 aerosol particles,13 the spectra
were heavily affected by water vapor signals. Due to the
water vapor signals, it is difficult to analyze the trace water
adsorbed on the surface of solid NaNO3 particles.
Recently, FTIR-ATR spectroscopy has become an in-
creasingly valuable technique to study aerosol particles rel-
evant to hygroscopic processes. Zhang et al. successfully
used FTIR-ATR spectroscopy to investigate the deliques-
cence and efflorescence processes of NaClO4 particles.17
Schuttlefield et al.18 also used FTIR-ATR spectroscopy to
study the water uptake and the phase transitions of NaCl,
NH4NO3, NH42SO4, and CaNO32 particles, which
showed an excellent agreement with the observations in pre-
vious literatures. They also proved that FTIR-ATR spectros-
copy is a sensitive means to obtain the information of the
trace water adsorbed on the surface of aerosol particles be-
fore deliquescence. For example, for NaCl particles, they
found that there is a relatively small increase in water ab-
sorption bands with the increase in RH below the deliques-
cence RH value of 75%.
In this work, the FTIR-ATR method was used to perform
in situ spectroscopic observation on the deliquescence and
efflorescence processes of NaNO3 particles. The most impor-
tant advantage of the method, in sharp contrast to the FTIR-
AFT method, is the limited penetration depth of the attenu-
ated total reflection ATR through the ZnSe crystal surface.
Therefore, the FTIR-ATR spectra have a slight contribution
from water vapor. With the combination of a liquid-nitrogen
cooled mercury cadmium telluride MCT detector, we try to
get the structural information of the trace water on NaNO3
particles and give an insight into the phase transitions asso-
ciated with the deliquescence and efflorescence of NaNO3
particles.
EXPERIMENTAL SECTION
Figure 1 shows a schematic diagram for recording the
FTIR-ATR spectra of aerosols. The central part was a cham-
ber composed of a baseline horizontal ATR accessory
Spectra-Tech Inc., USA using a ZnSe crystal refractive
index: 2.4 as a substrate. The chamber was sealed with a
thin transparent polyethylene film. A 0.5 mol l−1 NaNO3 so-
lution prepared by triply distilled water and NaNO3
ACROS, 99.0% for analysis American chemical society
ACS at room temperature was used to produce droplets by
a nebulizer. The droplets were of sizes between 1 and 5 m
according to the technical manual and were drawn into the
chamber to deposit on the substrate by a pump. Then the
droplets on the substrate were made into a solid particle
sample by passing dry N2 through the chamber for about
40 min. The FTIR-ATR spectra of the sample were recorded
by a FTIR spectrometer Nicolet MAGNA-IR 560 equipped
with a liquid-nitrogen cooled MCT detector. The resolution
was set at 4 cm−1 with a spectrometer frequency survey in
the region of 650–4000 cm−1. In all experiments, the RH in
the chamber was adjusted by mixing two streams at con-
trolled flow rates of dry and water vapor saturated N2 gases.
The latter was achieved by bubbling a stream of dry N2 gas
through water, and the total flow rate of the two streams was
kept constant by using a flow rate meter. The RH was raised
by increasing the flow rates of water vapor saturated N2 and
thereby reducing the flow rates of dry N2. Reversing the
operation, the RH could be decreased. The RH and the tem-
perature were recorded by a RH and T meter CENTER 313,
measurement range: 0%–100% RH, −20 to +60 °C; accu-
racy: 2.5% RH, 0.7 °C; response time: 75 s RH, 40 s
temperature, which was placed near the exit of the cham-
ber.
It is well known that the depth of penetration for the
FTIR-ATR technique is on the order of microns, which can
be calculated on the basis of optical constants.19,20 Experi-
mental determinations of penetration depth have shown that
FIG. 1. Schematic diagram of the FTIR-ATR experimental setup.
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the actual depth of penetration for the sample is three times
of the penetration depth calculated.19 A value of penetration
depth, 0.5 m, is calculated for solid NaNO3 on a ZnSe
crystal,19,21 indicating that the actual depth of penetration is
1.5 m. If the spherical solid NaNO3 particles with a size
of about 1.5 m were obtained by drying the NaNO3 drop-
lets with a concentration of 0.5 mol l−1, then the original
droplet would be 10 m in diameter, which needs the
combination of eight droplets even for a size of 5 m. Al-
though combination occurs to some extent during the trans-
portation of the NaNO3 droplets in the experiments, i.e., with
the original concentration of 0.5 mol l−1 and the size distri-
bution from 1 to 5 m, the dominant size distribution of the
NaNO3 droplets should be much less than 10 m. Further-
more, the droplets could spread on the surface of the ATR
crystal, leading to many segregated thin slices on the sub-
strate. As a result, the dominant thickness distribution of the
solid NaNO3 particles on the substrate should be much less
than 1.5 m. According to the discussion about penetration
depth the actual depth of penetration is 1.5 m, absorp-
tion signals from the surface of the solid sample can be ob-
tained.
Furthermore, we performed contrastive experiments a
dozen of times to make sure that FTIR-ATR spectra can pro-
vide the structural information on the water adsorbed on the
surface of solid NaNO3 particles. The same trend was ob-
tained by the FTIR-ATR spectra for the bare ZnSe substrate
and for the NaNO3 particles deposited on the ZnSe substrate
at different RHs. According to Fig. 2 top, the absorbance of
the O–H stretching band continuously increases with an in-
crease in the RH for both the bare ZnSe substrate Fig. 2
top, a and the NaNO3 particles deposited on the ZnSe
substrate Fig. 2 top, b. However, the intensities of the
O–H stretching band are much larger for the NaNO3 par-
ticles deposited on the ZnSe substrate than for the bare sub-
strate at the same RH. Figure 2 bottom displays the areas of
the O–H stretching band for the NaNO3 particles deposited
on the ZnSe substrate, together with the areas of the O–H
stretching band for the bare ZnSe substrate as a y-axis error
bar short. The long y-axis error bar derives from the varia-
tion between experimental replicates. The x-axis error bar
arises from the RH measurements. This figure indicates that
the dominant contribution of water uptake should come from
the deposited NaNO3 particles. Moreover, the profile of the
O–H stretching band provides more structural information
for the NaNO3 particles deposited on the ZnSe substrate than
for the bare substrate. Thereby, FTIR-ATR can be applied to
investigate the hygroscopic properties and the surface water
of NaNO3 particles.
In our experiments, two separate cycles were performed
under the same experimental conditions. Each cycle com-
prises two consecutive processes, i.e., humidifying solid par-
ticles for deliquescence, which was followed by an evapora-
tion progress for efflorescence. In cycle 1, the RH was
increased up to 96% in the humidifying process, allowing
for the complete dissolution of solid NaNO3 particles, and
then the evaporation process was performed for NaNO3
droplets. In cycle 2, after humidifying solid NaNO3 particles
to 87% RH, the evaporation process was started to observe
the phase transition process in detail. The RH was adjusted
as discussed above, and it usually took 5 min to change the
RH from one to another as the step of 10%, such as from
10% RH to 20% RH. The spectra were measured after
40 min at a given RH to ensure the complete equilibrium of
NaNO3 particles with the ambient.
A microscope XSP-BM, Shanghai, combined with a
digital camera Nikon-5700, was used to observe the mor-
phology of the NaNO3 particles on the ZnSe substrate in the
humidifying process to further understand the phase transi-
tion.
RESULTS AND DISCUSSION
FTIR-ATR spectra features and phase transitions
of NaNO3 particles
The experiments in the two cycles were repeatedly per-
formed a dozen of times under the same conditions, and the
same results were observed. Figures 3 and 4 show the FTIR-
ATR spectra of NaNO3 particles at various RH values for
cycles 1 and 2, respectively. Four main bands, namely, the
2-, 1-, and 3-NO3
− bands in the 810–850 cm−1,
1010–1100 cm−1, and 1250–1500 cm−1 regions and the
O–H stretching band of water in the 2750–3750 cm−1 re-
gion, provide much structural information on NaNO3 par-
ticles.
In the humidifying process of cycle 1 Fig. 3a, the
absorbance of the O–H stretching band shows a gradual en-
hancement with an increase in the RH from 71.4% to 87.0%.
At last 96.3% RH, the O–H stretching band has a sudden
FIG. 2. Color online Top: FTIR-ATR spectra a and b for the bare
ZnSe substrate and the NaNO3 particles on ZnSe substrate in the humidify-
ing process, respectively. Bottom: the area of the O–H stretching band for
NaNO3 particles on the ZnSe substrate, together with that for the bare ZnSe
substrate as a y-axis error long, as a function of RH. The short y-axis error
bar derives from the variation between experimental replicates. The x-axis
error bar arises from the RH measurements.
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increase, showing the complete deliquescence of solid
NaNO3 particles. In fact, even in the range of RH71.4%, a
small increase of absorbance can be observed in the O–H
stretching band from the enlarged spectra Fig. 3a. This
important observation indicates that there should be a con-
tinuous water uptake by NaNO3 particles in the low RH
region, which is discussed in detail in the next section.
The 3-NO3
− band constantly appears at 1357 cm−1 with
a sharp peak below 71.4% RH, which is consistent with the
spectral characteristic 1358 cm−1 of NaNO3 crystal.22 With
further increase in the RH, an obvious splitting of the
3-NO3
− band is observed with two sharp peaks at 1363 and
1390 cm−1. Several possible explanations are considered for
the splitting of the 3-NO3
− band.
Longitudinal-transverse LO-TO splitting was reported
by Fox and Hexter,23 according to which the crystal shape
can lower the overall environmental symmetry and lift the
degeneracies of infrared models. When a NaNO3 crystal ap-
pears as a thin plate, a single feature from the bulk crystal
may be split,24 as observed by Devlin et al. for a thin crys-
talline plate of NaNO3 on substrate.25 In this work, the solid
samples were obtained by drying the NaNO3 droplets on the
ZnSe substrate, and therefore thin plates may form and give
rise to the splitting of the 3-NO3
− band. In this case, the
splitting of the 3-NO3
− band should be observed in the spec-
tra below 71.4% RH in the humidifying process. Since this
was not observed according to Figs. 3a and 4a, other rea-
sons must be considered.
Absorption by molecules at different substrate sites can
lead to a splitting of even nondegenerate bands.24,26 The pos-
sible reason for this is that heterogeneous environments can
perturb molecular vibrations in different fashions, resulting
in frequency shifts.24 For a NaNO3 crystal, when this reason
is responsible for the splitting of the 3-NO3
− band, the
2-NO3
− vibration simultaneously splits.26,27 In this work,
however, Figs. 3a and 4a reveal that no splitting of the
2-NO3
− band accompanies the splitting of the 3-NO3
−
band.
According to the above discussions, the splitting of the
3-NO3
− in this work may be attributed to a solid metastable
state of NaNO3 because metastable states, which are not
thermodynamically stable, can occur during state transitions,
according to Ostwald’s law of stages.6,7 Unfortunately, the
structures for the metastable are not clear from this investi-
gation. Nevertheless, an interesting fact is that the two peaks
maintain in the RH region from 71.4% to 87.0%, indicating
that the metastable solid phase is relatively stable in the RH
region. This observation is different from that reported by
Tang and Munkelwitz8 and Tang and Fung9 and may arise
FIG. 3. FTIR-ATR spectra of NaNO3 aerosol particles at various RHs in the
a humidifying process and the b evaporation processes of cycle 1. By
translating them along the y-axis, the spectra are displayed at a constant
interval to clearly show their evolution.
FIG. 4. FTIR-ATR spectra of NaNO3 aerosol particles at various RHs in the
a humidifying process and the b evaporation processes of cycle 2. By
translating them along the y-axis, the spectra are displayed at a constant
interval to clearly show their evolution.
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from the extended exposure of the solid NaNO3 particles to
RH slightly below the deliquescence RH during the humidi-
fying process. This will be discussed in detail in the next
section.
A series of images are presented in Fig. 5 of NaNO3
particles on a ZnSe substrate at various RHs in the humidi-
fying process. It seems that the sizes of the particles are
larger than the original ones, possibly because the original
particles combined in transportation and spread on the sub-
strate. When the RH is lower than 70.0%, the morphology of
NaNO3 particles almost does not change, even though solid
NaNO3 particles constantly absorb water vapor with an in-
crease in the RH according to the FTIR-ATR spectra. With
further increase in the RH, obvious changes in shape occur
for solid NaNO3 particles owing to the formation of a thin
water layer on solid NaNO3 particles. The edges and corners
are etched and become smooth for most of the NaNO3 solid
particles. An evident example is marked by the black arrow
at 76.1% RH. The two fine crystals with a V shape merge
into one ball-shaped crystal. When the RH reaches 85.0%,
the NaNO3 particles with a large size become smaller, while
the water layer surrounding them gets thicker. At the same
time, their shapes become more regular. At 91.7% RH, some
of the solid particles completely dissolved. However, the oth-
ers evolved into regular-shaped crystals surrounded by water,
as directed by the black arrow, indicating that a solid-to-solid
phase transition had occurred. Actually, the solid-to-solid
phase transition may take place when the RH is higher than
70.0% according to the FTIR-ATR spectra. At 95.0% RH,
the regular-shaped crystals grow, and their surrounding water
almost disappears.
The two overlapping bands at 1348 and 1405 cm−1 were
found in NaNO3 solutions.28 In this work, a shoulder peak
appears at 1348 cm−1 besides the two peaks at 1363 and
1390 cm−1, while the band at 1405 cm−1 is too weak to be
clearly identified. This observation shows that some parts of
solid NaNO3 particles dissolve in the solid-to-solid phase
transition. This phenomenon was also observed when we
performed the experiments about the morphology of NaNO3
particles in the deliquescence process, as discussed above.
When the RH reaches 96.3%, the two sharp peaks dis-
appear and show two overlapping features at 1348 and
1405 cm−1, which are in agreement with the 1346 and
1405 cm−1 of NaNO3 solutions observed by Irish and
Walrafen.28 The spectral features reflect that the metastable
solid NaNO3 deliquesces in the region from 87.0% to 96.3%
RH. At the same time, the infrared-inactive 1-NO3
− band
appears at 1049 cm−1, which is the spectral feature of
NaNO3 droplets. For the 2-NO3
− band at 836 cm−1, there
are no changes in the solid-to-solid phase transition. How-
ever, it shifts to 829 cm−1 when solid NaNO3 particles com-
pletely dissolve.
Figure 3b displays the FTIR-ATR spectra of NaNO3
particles in the evaporation process of cycle 1. With a de-
crease in the RH from 96.6% to 74.5% the saturation point
of the NaNO3 solution at 25 °C and then to 53.0% where
solid particles form according to the following analysis, the
absorbance of the O–H stretching band gradually decreases
and almost disappears at 1.3% RH. There are no obvious
changes for the bands of NO3
− above the saturation point
RH=74.5% . With further decrease in the RH, the 3-NO3−
band slowly sharpens and shows a sharp peak at 1357 cm−1
at last 1.3% RH. The 1-NO3
− band weakens and has a
blueshift from 1049 cm−1 at 77.1% RH to 1055 cm−1 at
36.5% RH. In a previous work,29 the blueshift of the
1-ClO4
− band was observed in NaClO4 droplets with a de-
crease in the RH. It was assigned to the transition of the
major species in NaClO4 aerosol solutions from such spec-
troscopically indistinguishable species as free equated ions,
double solvent-separated ion pairs outer-outer sphere com-
plex, and solvent-shared ion pairs SIP outer sphere com-
plex to contact ion pairs CIPs inner sphere complex.
Similarly, the blueshift of the 1-NO3
− band with a decrease
in the RH is explained as free aquated ions, and SIPs to
CIPs, which is in agreement with the observation by Raman
spectroscopy.15,30 The 2-NO3
− band is located at 829 cm−1
at the RH higher than 64.6% and exhibits a shoulder at
836 cm−1 beside the main peak 829 cm−1 when RH reaches
53.0%. With further decrease in the RH, this shoulder
evolves into the main peak, while the original main peak
fades as a shoulder. This remarkable contrast indicates that
the solid particles are continuously forming in the evapora-
tion of the droplets below 53.0% RH. The possible reason is
that the different sizes of the droplets on the substrate result
in the stochastic solidification of the droplets at different RH
values.
In cycle 1, it is known that the metastable solid phase of
NaNO3 is relatively stable in the RH region of 71.4%–
87.0%. We performed cycle 2 where NaNO3 particles were
humidified until the RH reached 86.7% and then were dehu-
midified to undergo the evaporation process to well under-
stand the stability of the metastable phase. In other words,
the metastable solid phase formed is not transformed into a
droplet solution but is rather dried to release water. In the
humidifying process, the spectral changes Fig. 4b are
mostly similar to those in cycle 1. In the evaporation process,
there is little change for the two-sharp-peak 3-NO3
− band
Fig. 4b. Hence, the metastable solid phase remains in the
whole evaporation process, indicating that it is relatively
stable below 87% RH after its formation.
FIG. 5. Color online Images of NaNO3 particles deposited on a ZnSe
substrate at various RH values in the humidifying process at room tempera-
ture. The RH is displayed at the bottom left of each image.
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Surface water and its effects on the solid-to-solid
phase transition
FTIR-ATR technique can provide the structural informa-
tion of water molecules in the deliquescence process of
NaNO3 particles, including the water monomers adsorbed on
the solid NaNO3 surface, as well as the aggregation action of
the water molecules. Because the two cycles have the same
deliquescence process, we select cycle 2 to analyze expedi-
ently. Figure 6a shows the FTIR-ATR difference spectra at
various RHs after subtraction of the spectrum at the lowest
RH 4.1%. Figure 6a also shows the hygroscopic curve of
NaNO3 particles in the deliquescence process of cycle 2,
which is defined by the area ratio of the O–H stretching band
to the 3-NO3
− band and marked by an open triangle. The
hygroscopic property of NaNO3 particles will be discussed
in detail in the next section. According to the hygroscopic
curve, the water uptake of solid NaNO3 particles is charac-
terized by a slow increase in region I RH72.9% , while it
rapidly increases in region II RH72.9% . In region I, the
FTIR-ATR difference spectra show a dominant peak at
3539 cm−1 and three relative weak peaks at 3400,
3272, and 3167 cm−1. All of the four peaks increase in
intensity with an increase in the RH, but the peak at
3400 cm−1 increases faster than the other three peaks. Af-
ter the RH enters into region II, the peak at 3400 cm−1
dominates the O–H stretching band and shifts to
3415 cm−1 at 86.7% RH, while the other peaks change into
shoulders.
In bulk aqueous solutions, the O–H stretching envelope
of pure water is generally fitted by four components, attrib-
uted to an icelike component C1 at 3230 cm−1, an icelike
liquid phase C2 at 3420 cm−1, a liquidlike amorphous
phase C3 at 3540 cm−1, and a monomeric H2O C4 at
3620 cm−1.31–33 These frequencies can be lowered by the in-
terference arising from other ions weakly interacting with the
hydrogen or oxygen ions of the O–H bond. For example, a
weak interference of 1 kcal mol−1 with the O–H stretching
mode is sufficient to lower the O–H symmetric stretching
frequency at 3650 cm−1 the symmetric stretching frequency
of water vapor by 60 cm−1.31 This lowered trend was ob-
served in many previous works.34–36 In this work, due to the
interference from nitrate and sodium ions, the four compo-
nent frequencies are lower than those in bulk aqueous solu-
tions. Consequently, the four frequencies 3167, 3272,
3400, and 3539 cm−1 in Fig. 6a may be assigned to C1,
C2, C3, and C4, respectively. In addition, the frequencies of
the O–H stretching models are known to be highly sensitive
to intermolecular hydrogen bonding between water mol-
ecules. As the hydrogen bonding interactions between water
molecules decrease, a strengthening of the O–H oscillator
results in a blueshift in energy.37 The strong spectral intensity
at lower energies 3100–3400 cm−1 is the characteristic of
tetrahedrally coordinated water molecules participating in
strong hydrogen bonding interactions with adjacent water
molecules.37 In contrast, the intensity at higher energies
3400–3700 cm−1 is the characteristic of weakly and non-
hydrogen-bonded water molecules.37 For instance, the peaks
at 3550 and 3549 cm−1 were assigned to water mono-
mers weakly hydrogen-bonded with ClO4
− in supersaturated
MgClO42 and NaClO4 droplets, respectively.31 Similarly,
we suggest that the peak at 3539 cm−1 is contributed by the
water monomers adsorbed on the surface of NaNO3 par-
ticles, while the peaks at 3400, 3272, and 3167 cm−1
are due to aggregated water molecules absorbed on the crys-
tal surfaces.
Water adsorption on solid faces, such as MgO 110,
TiO2, NaCl, and KCl, has been widely studied38–41 and ex-
plained on the basis of hydrogen bonding and Coulomb in-
teraction. Water molecules may interact with solid NaNO3
surfaces in the same manner, and therefore several possible
geometries were schematically given in Fig. 6b for the wa-
ter molecules adsorbed on different NaNO3 surfaces. For the
001 face with NO3
− as a bare surface, water monomers can
be adsorbed on the surface through hydrogen bonding with
one NO3
− by the monodentate mode structure 1 and by the
FIG. 6. Color online a Area ratios of the O–H stretching band of water to
the 3-NO3− band as a function of RH for NaNO3 particles in the humidi-
fying process of cycle 2, which is shown by the triangle with error bars. The
long y-axis error bar is determined by the area ratio of the O–H stretching
band from the bare ZnSe substrate to the 3-NO3− band. The short y-axis
error bar arises from the variation between experimental replicates. The
x-axis error bar derives from the RH measurements. The inner FTIR-ATR
difference spectra result from the O–H stretching band at various RHs after
subtraction of the spectra at 4.1% RH. b Several possible schematic mod-
els of water molecules adsorbed on different faces of the rhombohedral
NaNO3 crystal. The schematic models 1–7, 8 and 9 display the water mol-
ecules adsorbed on faces 001, 110, and 111 of the NaNO3 crystal,
respectively.
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bidentate mode structure 2 and with two NO3
− by the
bridge bidentate mode structure 3. There are also two types
of water monomers adsorbed on the 001 face with Na+ as a
bare surface in forms of structures 4 and 5. The two crystal
faces can also provide suitable geometries to adsorb water
dimers as structures 6 and 7. We also present other crystal
faces to trap water dimers as structures 8 and 9. There are
also possibilities to form the water clusters based on the
dimers of structures 6–9, which should contribute to the
peaks at 3400 and 3272 cm−1. Even though water ad-
sorption has been obviously observed according to the FTIR-
ATR difference spectra in region I, there is no spectral
change for the 1-, 2-, and 3-NO3
− bands, indicating that
neither the water monomers or dimers nor even the water
clusters on the surfaces of solid NaNO3 particles have the
ability to move the Na+ and NO3
−
.
In region II, water molecules aggregate to form a thin
layer on the NaNO3 surface according to the peak at
3400 cm−1 becoming the main peak. This case agrees with
the case where particles physically adsorb a thin water layer
on their surface before becoming droplets.42 According to the
above discussion of phase transition, the metastable solid
phase of NaNO3 forms in this RH region. Hence, we suggest
that the thin water layer is unable to lead the solid NaNO3 to
dissolve slightly under the deliquescence point 74.5% RH
but has the ability to move Na+ and NO3
− to rearrange on the
surface of solid NaNO3. Since solid NaNO3 particles were
exposed to a RH slightly under deliquescence point 74.5%
for an extended period of time in this work, the rearrange-
ment of Na+ and NO3
− results in the formation of the meta-
stable solid phase of NaNO3. Bahadur et al.43 used classical
molecular dynamics to simulate the NaCl/water interface.
They found that although bulk thermodynamics indicated
that dissolution should occur for NaCl covered by a water
layer, dissolution would not occur without lattice defects.
Moreover, Cantrell et al.44 found that the NaCl crystal, which
had been exposed to the RH less than the saturated solution,
did not deliquesce until the RH reached 86%. Analogously,
the metastable solid phase of NaNO3 deliquesces in the high
RH region, possibly because it has fewer defects than the
original solid NaNO3.
Hygroscopic properties of NaNO3 particles
The hygroscopic property of NaNO3 particles can be re-
flected by the area ratio of the O–H stretching band to the
3-NO3
− band as a function of RH. Figure 7 shows the area
ratios with respect to RH for NaNO3 particles in the humidi-
fying solid up triangle for cycle 1 and open up triangle for
cycle 2 and evaporation solid down triangle for cycle 1 and
open down triangle for cycle 2 processes of the two cycles.
Cycle 1 in Fig. 7 can be roughly divided into six regions
according to the area ratio. The slow increase in the area
ratios in region a 1.5%–71.4% RH indicates that solid
NaNO3 particles continuously uptake a small amount of wa-
ter. The rate of water uptake then increases in region b
71.4%–87.0% RH. Different from the observation of Tang
and Munkelwitz8 and Tang and Fung9 that the single NaNO3
particles deliquesced at 74.5% RH at 25 °C, there is an un-
usual water absorption process in our observation in region
b. Some particles are dissolved according to the above dis-
cussion of spectral features. However, some particles are not
dissolved even though they have adsorbed considerable wa-
ter due to the formation of the metastable solid NaNO3 with
fewer defects. Water uptake shows an abrupt increase in re-
gion c RH87.0% , reflecting that the metastable solid
NaNO3 particles become solution droplets.
In the evaporation process of cycle 1, NaNO3 droplets
pass from the unsaturated region d RH74.5%  into the
supersaturated region e 74.5%–53.0% RH. At the initial
point 53.0% RH, water solute ratio WSR=2.4 Ref. 9 of
region f RH53.0% , a small amount of droplets start to
stochastically solidify according to the appearance of the
characteristic band of solid particles at 836 cm−1. The de-
crease in the 2-NO3
− band at 829 cm−1 means a continuous
decrease in droplets. The droplets and the solid particles co-
exist until RH reaches 26.5%, where the droplets become
extremely supersaturated with WSR1.5 RH=35% . At
the end RH=1.3% , the droplets completely change into
solid particles, showing a similar structural characteristic to
the original samples.
The hygroscopic behavior of NaNO3 particles in the hu-
midifying process in cycle 2 is similar to that in cycle 1.
Solid NaNO3 particles continuously adsorb a small amount
of water in region a. Some solid NaNO3 particles transform
into the metastable solid particles, and the others deliquesce
in region b. In the range of RH from 86.7% down to 30%,
the water content in the evaporation process is slightly higher
than that in the humidifying process at a given RH, repre-
senting the contribution to the evaporation process of the
small amount of droplets.
CONCLUSION
The FTIR-ATR technique was demonstrated to be ca-
pable of providing high quality spectra without water vapor
disturbance and detailed molecular information on the com-
plicated deliquescence and efflorescence of aerosols. Water
monomers, dimers, and clusters are adsorbed by NaNO3
a b c
def
FIG. 7. Area ratios of the O–H stretching band of water to the 3-NO3− band
as a function of RH for NaNO3 particles in the humidifying and evaporation
processes of the two cycles, with a y-axis error bar derived from the varia-
tion between experimental replicates and an x-axis error bar arising from the
RH measurements.
104509-7 Deliquescence and efflorescence in NaNO3 J. Chem. Phys. 129, 104509 2008
 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  130.102.82.69 On: Fri, 07 Oct 2016
04:47:07
solid particles below 72% RH. A continuous water uptake
by NaNO3 solid particles is instead of a sharp deliquescence
transition in the RH range from 72% to 87%, owing to
the formation of the metastable solid phase of NaNO3. Be-
tween 87% and 96% RH, the metastable solid NaNO3
dissolves. The ion pairs of Na+ and NO3
− form in the region
from 77% down to 36% RH. NaNO3 solid particles and
droplets coexist in the region from 53% down to 26%
RH. When RH reaches 1%, all the droplets become solid
particles.
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